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Abstract 
 
Poly(Ethylene Oxide)/ Cellulose-Nanocrystal Nanocomposites as Polymer Electrolyte 
Membranes 
Nathan Wald 
Christopher Li Supervisor, Ph. D.  
 
 
Over the past several decades battery technology has fallen behind the 
tremendous growth seen in other technological industries, such as microprocessors and 
computer memory. For today’s wireless technology to continue to improve, the need for 
batteries capable of storing a greater amount of charge in a small package is of paramount 
importance. One of the most promising routes to achieve this goal is to use lithium ions 
as the charge carrier. This is because lithium is lightweight and has a very high redox 
potential. However, the lifespan and safety of lithium based batteries have been problems 
since their inception, resulting in scientists constantly working to improve the mechanical 
properties of the electrolyte without greatly reducing its ionic conductivity. 
In the following thesis a system of poly(ethylene oxide) (PEO) with lithium 
perchlorate (LiClO4) salt and cellulose nanocrystals (CNCs) is investigated to determine 
its usefulness as a solid polymer electrolyte. It is seen that the addition of CNCs increase 
the crystallinity of the PEO-LiClO4 system, resulting in an enhancement of the 
mechanical properties. While increased crystallinity is also usually associated with a 
decrease in ionic conductivity this was not observed. Instead it is proposed that the CNCs 
act as a Lewis Acid, competing with lithium cations for ether oxygen atoms along the 
PEO chain. This competition results in a decrease in the strength of binding between the 
PEO and lithium ions, causing the lithium to diffuse much more easily and thus have 
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higher conductivity when compared to a sample with no CNCs. It was also seen that the 
ionic conductivity of these solid polymer electrolytes improves with increasing 
temperature. 
To further improve the conductivity, dimethylformamide (DMF) was then used as 
a liquid plasticizer. The plasticizer allows the polymer chains to reptate more easily, 
improving the ionic conductivity of the sample. A three order of magnitude improvement 
in conductivity over the completely dry films was observed with the addition of up to 
30% DMF. Unfortunately, with this improvement in conductivity comes a slight 
reduction in the modulus of the films. However this work does lay the foundation of 
using a nanofiller to improve the mechanical properties of an electrolyte at the expense of 
the conductivity and then add a plasticizer to somewhat reduce the mechanical properties 
while greatly improving the conductivity. When carefully balanced, these two additions 
can result in an electrolyte with moderately improved mechanical and conductivity 
properties.  
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1. Introduction 
 
 Batteries are a crucial technology in today’s wireless world, as electronic devices 
such as cellular phones and laptops would be useless without them. However, the need 
for lighter, more energy dense batteries has been a consistent driving force for 
technological innovation, as consumers demand better battery life from the 
aforementioned technology, as well as greater miles per charge on electric vehicles. 
Additionally, safety is a concern for modern rechargeable batteries, as many of the 
lightest, most powerful batteries commercially available today are susceptible to dendrite 
formation which can lead to explosions [1].  This thesis details research into the field of 
more powerful, safer polymer electrolytes for use in battery applications. 
 At its most basic level, a battery consists of three parts, an anode, a cathode, and 
an electrolyte. The anode is the site at which, during the discharging cycle, an oxidation 
reaction occurs, releasing one or more free electrons, for example, Li→Li++e-. 
Conversely, the cathode is the site at which, during the discharging cycle, a reduction 
reaction occurs, for example, Li++e-→Li. The electrode is a material that is placed in 
between the anode and cathode to allow the positively charged cation to diffuse from 
anode to cathode (during the discharge cycle) while forcing the electron to travel along an 
outer circuit [2, 3]. A device is then attached to the outer circuit, allowing it to be 
powered by the electrons on their way from anode to cathode. During recharging of the 
battery all of the reactions are reversed, as is the flow of the charges. 
 As alluded to in the given oxidation and reduction reactions, lithium is the metal 
and ion of choice for energy dense batteries. This is because lithium has the most 
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negative redox potential compared to the standard hydrogen cell (-3.04V) and because 
lithium, with its atomic number of 3, is the lightest metal (6.94g/mol) [4]. Therefore each 
lithium ion carries more potential than any other ion, and more ions can be added to a 
battery without making it prohibitively heavy. A comprehensive schematic comparing 
various battery technologies, shown below in Figure1.1, clearly supports the fact that 
lithium ion technology is the best choice for batteries with high charge density and low 
weight [4].  
 
 
 
Figure 1.1: A comparison of energy density by both weight and volume showing the superiority of 
Lithium ion batteries, especially those taking advantage of thin film technology 
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 While improving any one of the parts of a battery will improve the overall 
performance of a battery, this research focuses on improving the electrolyte. The most 
important parameter for an effective electrolyte is its conductivity, which typically needs 
to be at least 10-4S/cm for the battery to be useable [5]. Current commercially available 
batteries use a liquid polymer electrolyte because the liquid allows for charge to flow 
easily, resulting in sufficiently high conductivity. However there are a number of 
problems with using a liquid electrolyte. First, a liquid electrolyte can leak, resulting in a 
safety and environmental hazard. Secondly, batteries using liquid electrolytes are not 
geometrically flexible because the battery must include a sealed container to hold the 
liquid electrolyte, greatly limiting the number of shape configurations that can be 
produced. Thirdly, and possibly most importantly, liquid polymer electrolytes have 
extremely poor mechanical properties. As a result of this the electrolyte is not strong 
enough to prevent lithium dendrite growth during the cycling of the battery. Dendrites 
form as a result of uneven coating of the anode by the returning lithium ions during 
recharging, resulting in areas with more lithium metal at the start of the next charging 
cycle [6]. Over time the dendrites can grow larger and larger, eventually resulting in two 
dendrites coming into contact with each other. When this happens a short circuit is 
created inside of the battery, resulting in a spark and the battery exploding. 
 The goal of this research project is therefore to produce a solid polymer 
electrolyte which combines sufficiently high conductivity to compete with liquid 
electrolytes and strong enough mechanical properties to resist dendrite formation. 
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2. Background 
 
 As mentioned in the introduction, the goal of this project is to design a solid 
polymer electrolyte which has high enough conductivity to be used in battery applications 
while also having sufficient mechanical properties to prevent dendrite formation. It has 
been determined through a combination of simulation and experimentation that an 
electrolyte with a shear modulus of approximately 6GPa is strong enough to prevent 
dendrite formation and thus provide long term stability, as seen in Figure 2.1 [7, 8]. 
However, liquid electrolytes typically have a modulus on the order of tens of MPa [9]. 
This is because liquid electrolytes typically employ low molecular weight polymers to 
maximize conductivity. In a polymer electrolyte system, charge moves through reptation 
of polymer chains. The lithium cation interacts with the negative dipole on the ether 
oxygen of PEO. As the PEO reptates, the cation is exposed to other ether oxygens along 
the polymer chain. Occasionally the cation will hop from ether oxygen to ether oxygen, 
resulting in diffusion of charge and therefore conductivity. This is shown below in Figure 
2.2 [10]. 
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Figure 2.1: Lifespan of an electorolyte measured in cycles per electrolyte area (Cd) as a function of 
storage modulus for pure PEO (squares) and Polystyrene-block- PEO (diamonds) [8]. 
 
 
 
 
Figure 2.2: Reptation of PEO chains allow for the separation of anion and cation and diffusion 
mechanism for cations [10]. 
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 Low molecular weight polymers have more free volume in the bulk material than 
higher molecular weight polymers at any given temperature. This can be rationalized 
from the fact that a low molecular weight polymer has a lower Tg than a higher molecular 
weight version of the same polymer. This additional free volume in the low molecular 
weight polymer makes chain reptation significantly easier, allowing it to occur more 
frequently. Therefore ion diffusion occurs more rapidly in low molecular weight 
polymers (with the notable exception of block copolymers, which will be discussed in 
detail later), resulting in their high room temperature conductivity. This high conductivity 
has resulted in liquid electrolytes becoming the technology of choice for currently 
commercially available rechargeable batteries, but they are not without the stated 
drawback of dendrite formation.  
Therefore it is desirable to improve the conductivity of higher molecular weight 
solid polymer systems while also ensuring that their modulus is at least 1GPa. There are 
several approaches currently being researched in an attempt to mate sufficiently high 
conductivity with strong mechanical properties. Currently available techniques include 
solid polymer electrolytes, polymer gels, and polyolefin membranes. A comparative 
schematic of the techniques is seen in Figure 2.3 [1]. Additionally, nanocomposites and 
holographic lithography are being studied to further improve electrolyte performance. All 
of these techniques will now be discussed in greater detail. 
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Figure 2.3: Schematic representations of polymer electrolyte networks. a. Pure (dry) polymer 
consisting of entangled chains, through which the Li ions (red points) move assisted by the motion of 
polymer chains. b. A hybrid (gel) network consisting of a semicrystalline polymer, whose amorphous 
regions are swollen in a liquid electrolyte, while the crystalline regions enhance the mechanical 
stability. c. A polyolefin membrane in which liquid electrolyte is held by capillaries [1]. 
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2.1 Solid Polymer Electrolyte Batteries and Nanocomposites 
 
The initial work on polymer electrolyte batteries was completed in the early 
1970’s by D. E. Fenton, J.M. Parker and P. V. Wright. They added alkali metal salts, 
specifically sodium iodide, sodium thiocyanate and potassium thiocyanate to PEO and 
used X-ray and infrared spectroscopy to study the results. They noted that they could 
achieve a solid solution as long as less than 20 mol% salt was added to the PEO, and that 
adding salt increased the melting point of the observed spherulites from 65°C to 170°C 
[11]. However, they do not report any conductivity or mechanical properties of their 
work until 1975. This time P. V. Wright publishes conductivity data for 4x106 MW PEO 
with sodium iodide, sodium thiocyanate, potassium thiocyanate and ammonium 
thiocyanate. The highest room temperature conductivity was reported for the PEO-
sodium thiocyanate sample, on the order of 10-7S/cm. Wright also noted that the 
conductivity varied greatly with temperature, improving to 10-2 S/cm at 443K [12]. 
 The next significant breakthrough came from J. E. Weston and B.C.H Steele 
when they used two different types of lithium salts, lithium trifluoromenatesulphonate 
(LiCF3SO3) and lithium perchlorate (LiClO4) with 4x106 and 5x106 MW PEO. They used 
a 6:1 EO:Li ratio and observed similar conductivities with lithium perchlorate as Wright 
had observed with sodium thiocyanate, as can be seen  in Figure 2.4. At room 
temperature the conductivity of the sample was still on the order of magnitude of 10-7 
S/cm and at elevated temperatures (434K) the conductivity improved to 10-3 S/cm. It is 
clear that the room temperature conductivity of these electrolytes needs to significantly 
improve before they can be used in a battery [13-15]. 
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Figure 2.4: The conductivity of PEO with LiClO4 as a function of temperature[13]. 
 
One technique that has been employed to improve the conductivity performance 
of solid polymer electrolytes is the creation of composites. A composite electrolyte is an 
electrolyte consisting of two or more unique materials. Previous research was performed 
into adding ceramic oxides such as Al2O3, TiO2 and BaTiO3 [5, 16-19] to PEO to 
significantly improve the conductivity of the solid polymer electrolyte, as shown in 
Figure 2.5.  
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Figure 2.5: It is seen that adding 5wt% BaTiO3 significantly improves the room temperature 
conductivity of solid polymer electrolytes [19]. 
 
The rationale for the improvement is simple: as already shown, lithium cations 
form a complex with the ether oxygen atoms along the PEO chains. For the electrolyte to 
be conductive the ions must be able to move, meaning they release from one oxygen to 
bond to another. If the bond between the cation and the ether oxygen atoms is too strong 
the cation will not be able to be released and diffuse through the electrolyte. This lack of 
mobility results in low conductivity and a poor electrolytic material. However, the 
ceramic oxides provide another material to act as a Lewis acid, interacting with the ether 
oxygen atoms which function as Lewis bases. The cations donated by the ceramic filler 
essentially compete with the lithium cations for the ether oxygen sites, resulting in a 
weakening of the lithium-oxygen bond. This allows for the lithium to more easily 
separate from the oxygen atoms it is currently attached to and diffuse to nearby atoms, 
resulting in better diffusion and improved conductivity of the bulk electrolyte. 
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The original work in this field of PEO-ceramic composites was published in 1982 
by J.E. Weston and B.C.H. Steele. They added α alumina to an electrolyte composed of 
4,000,000 MW PEO and 8:1 EO:Li ratio, using LiClO4 as their salt. They determined that 
the addition of up to 10wt% nanoparticles did not greatly affect the conductivity of the 
electrolytes but did improve the mechanical stability of the electrolyte at a temperature of 
100°C [14]. This is significant because there are two potential avenues for using solid 
polymer electrolytes: either improve their room temperature conductivity or improve 
their high temperature mechanical properties.  
In 1991 F. Capuano et al. first characterized PEO-βAl2O3 electrolytes and 
determined that with very small particles (5nm or smaller) a significant improvement in 
conductivity could be obtained [16]. They rationalized that using a small nanoparticle 
will result in the greatest amount of surface functional groups for a given filler loading 
concentration, thus allowing for the greatest improvement in conductivity. They also 
noted that the mechanical properties of the films were greatly enhanced by the addition of 
the ceramic filler. Finally, as seen in Figure 2.6, they determined that the optimal 
concentration of ceramic filler is 10wt%. 
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Figure 2.6: At 60°C it can be seen that the peak conductivity of the PEO-ceramic films appears to 
occur at 10wt% Al2O3 [16]. 
 
This work was also a follow up of a 1989 experiment completed by W. 
Wieczoreket al. [20]. They tracked the crystallinity and conductivity of PEO as a 
function of α, ε and θ alumina concentrations. They observed that increasing the filler 
concentration decreased the PEO crystallinity, as can be seen in Figure 2.7. These results 
suggest that the filler interacts with the PEO chains, inhibiting crystallization of the 
polymer. This is significant because as mentioned previously, the mechanism for 
conduction in PEO electrolytes is polymer chain reptation. Reptation occurs much more 
easily when there is more free volume for the chains to move through, and amorphous 
polymers contain much more free volume than their crystalline versions. Therefore 
amorphous polymers will have a greater conductivity than their crystalline counterparts. 
This has already been seen in the Arrhenius plot in Figure 2.4and Figure 2.5; at 
temperatures above the Tm of PEO (around 60°C) the polymer is amorphous and the 
conductivity is greatly improved. This research group observed one order of magnitude 
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improvement in room temperature conductivity between samples with and without the θ-
alumina filler, as shown in Figure 2.8. 
 
 
Figure 2.7: PEO crystallinity as a function of θ-Al2O3 showing a decrease in crystallinity as filler 
concentration increases [20]. 
 
 
 
Figure 2.8: Conductivity of PEO with (O) 0% θ- Al2O3, (x) NASICON powder,  10% θ- Al2O3 [20]. 
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In 1998 F. Croce et al followed up on their previous work by experimenting with 
Al2O3 and TiO2 nanoparticles ranging in size from 5.8-13nm, as seen in Figure 2.9, they 
did observe a three order of magnitude improvement in conductivity as a result of filler 
addition, with the highest room temperature conductivity approaching 10-5S/cm for the 
sample containing TiO2 [5].  
 
 
Figure 2.9: Arrhenius plot showing the improvement in conductivity at all temperatures as a result of 
ceramic filler addition. All samples are 10wt% filler, EO:Li 8:1[5]. 
 
 
Most recently, a group led by Alain Dufresne has experimented with adding 
cellulose nanocrystals into PEO with lithium bis(trifluoromethanesulfonyl)imide 
(LiTFSI) as the salt. This group published several papers on the topic from 2004-2010 
covering a range of cellulose fibers, salt concentrations and cellulose loadings [21-26]. 
Ultimately they found that the lower the salt loading the higher the modulus, settling on 
an optimal EO: Li of 30:1. However when they begin to add cellulose more salt is needed 
15 
 
 
 
to provide a comparable conductivity to that of the pure sample. The group found peak 
conductivity properties around 6 wt% cellulose fibers and EO:Li of 20:1. When 
experimenting with different types of CNCs they found that those derived from sisal 
plants (215±67nm in length, 5±1.5nm cross section) tended to outperform the somewhat 
smaller and wider CNCs derived from ramie plants (200±78nm long, 7±2nm wide) and 
cotton plants (165±34nm long, 13±1 nm wide). This is most likely due to the far greater 
specific area of the sisal wiskers (600±48m2/g) compared to 380±38 and 205±25m2/g for 
the ramie and cotton whiskers respectively. Using these sisal whiskers the group 
successfully produced a PEO based electrolyte with a room temperature conductivity of 
2x10-6S/cm (Figure 2.10).The fiber addition also greatly improved the electrolyte’s high 
temperature mechanical properties, as can be seen in Figure 2.11. Cellulose and cellulose 
nanocrystals will be discussed in more detail below in Section 2.4. 
 
Figure 2.10: Conductivity as a function of temperature for PEO-LiTFSI with O:Li=20 for unfilled 
electrolyte (diamond), and filled electrolyte with 6wt% sisal nanocrystals (x), ramie nanocrystals 
(triangle), cotton nanocrystals (+) and sisal microfibers (o) [21]. 
 
16 
 
 
 
 
Figure 2.11: Storage modulus as a function of temperature for pure PEO (-), O:Li=2 (+), O:Li=12 
(x), O:Li=12+6wt% sisal microfibers (squares), and O:Li=12+6wt% sisal whiskers (triangles) [21]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
17 
 
 
 
2.2 Polyolefin Membranes 
 
One type of commercially available polymer electrolyte is the microporous 
polyolefin membrane. These electrolytes use a polymer membrane which contains ionic 
liquid contained in micropores or capillaries. In these systems the polymer itself does not 
participate in the conduction of ions, it is simply present to improve the mechanical 
properties of the electrolyte over simply using a pure ionic liquid.Therefore it is more 
accurate to think of the polymer as a separator instead of as an actual electrolyte. Pore 
size is an extremely important property of these films; the pores must be large enough to 
carry a significant amount of ionic liquid, but cannot be so large that debris from the 
electrodes can move freely through them, creating a short circuit in the battery. 
Achieving a proper pore size which prevents electrical shorts allows the separator to be 
made extremely thin (as low as 25µm), enhancing the energy density of the battery. 
Additionally, microporous polyolefin membranes have an inherent safety feature; the 
shutdown effect. As the pores become filled, the conductivity of the film drops. The 
decreased conductivity results in it becoming very difficult to continue filling the pores, 
preventing the overcharging of a battery using this separator membrane. It also prevents 
the overheating of the battery in the case of a short circuit, as the melting of the film will 
destroy its porosity. 
Interestingly, the first patents for microporous films do not mention their potential 
application for lithium ion batteries. Instead the first significant patent, filed by the 
Celanese Corporation (now Celgard) is for an olefin polymer which can be used to create 
a stretchable, breathable bandage [27]. However the discovery of the potential application 
of these films for batteries quickly changed the direction of Celgard and the industry as a 
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whole. In this patent they reported producing pores ranging in size between 0.015-0.5µm 
and up to 56% porosity for polypropylene (PP) films. 
 The first mention of using microporous films for battery applications occurred in 
1988 in a patent granted to Satoshi Nagouet al. [28]. This patent details a PP film with 
pores smaller than 1µm and between 30-90% porosity. The patent claims that the films 
have excellent air and liquid permeability (5-500sec/100cc for air and 1000-5000g/m2 24 
hours for liquid) and suggests that the films could be used for battery applications. 
However the research group does not attempt to fill the pores with an ionic liquid and 
then test the conductivity in this patent. Shortly following this, the first commercial 
success using a polyolefin separator for a rechargeable lithium ion battery occurred in 
1994 by Celgard, building on their aforementioned 1969 patent. Celgard has since 
released films using polyethylene (PE), PP, and PP/PE/PP as the separator, as will now 
be discussed [29]. 
In 1996 Celgard then filed a patent for a bilayer porous PEand PP film[30]. This 
film takes advantage of both materials, using PE because of its relatively low melting 
point (and therefore strong potential for use as a shutdown material) and PP for its 
mechanical strength.  
 In 1999 a research group working for Motorola reported on the properties of 
several types offilms produced by 4 anonymous suppliers [31]. All films were one of PE, 
PP, or a PE/PP combination, but the paper did not reveal which samples were which 
polymers. They found a range in porosity of between 30-57%, with the majority of the 
films tested containing approximately 40% porosity. They also found all of the films to 
have extremely narrow pore size distribution, with all pores ranging from between 0.03-
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0.12µm. While they did not report any conductivity results they did use a Nitrogen 
pressure drop test to correlate the porosity to the time it took for the pressure to drop 
through the films. Not surprisingly they observed that the smaller the porosity the longer 
it took for the pressure in the films to drop, meaning the slower the N2 (g) was able to 
diffuse through the film. This can be seen by comparing Figure 2.12a (which shows the 
average porosity of the films) to Figure 2.12b, which shows the pressure drop profile of 
several of the films. 
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Figure 2.12: The percent porosity (a) and pressure relief profile (b) for various separators. It can be 
seen that the more porous the separator, the faster the pressure drops [31]. 
 
 
b. 
a. 
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 Next in 2003, while not technically a polyolefin, J. Saunier at al. used 
poly(vinylidene fluoride) (PVdF) as an separator membrane with 1M LiPF6 dissolved in 
varying ratios of ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl 
carbonate (DEC)[32]. The results, summarized in Figure 2.13a, show that achieving a 
room temperature conductivity as high as 2x10-3 S/cm is possible for films with a 2:2:1 
ratio of EC:DMC:DEC, or with a film of 1:1 DMC:EC. Interestingly, this represents only 
a one order of magnitude drop in conductivity when compared to the pure electrolyte 
mixtures. Additionally, this group confirmed that the conductivity is dependent on pore 
size (Figure 2.13b), as samples with 1.11µm pores exhibited greater conductivity than 
samples with 0.66 and 0.41µm pores. However the conductivity as a function of pore size 
seems to converge at high temperatures. 
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Figure 2.13: The conductivity as a function of temperature for several ionic liquids with and without 
separators (a) and for a separator of varying pore size (b) [32]. 
a. 
b. 
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2.3 Holographic Polymerization 
 
A new technique has been recently pioneered by Dr. Li’s Soft Matter Research 
Group to create a patterned polymer electrolyte with sufficient mechanical and electrical 
properties [33]. The technique, called Holographic Polymerization to create holographic 
polymer electrolyte membranes (hPEM), uses a monochromatic laser and series of optics 
to create an interference pattern, in which a mixture of electrolyte and photo-initiating 
monomer is placed. Areas in which the laser constructively interferes with itself have 
enough energy to initiate polymerization of the monomer, forcing the electrolyte out of 
these areas in the process. This creates localized areas of polymer which enhances the 
mechanical properties of the electrolyte while leaving the rest of the volume for the 
electrolyte. 
In this group’s 2012 paper, Derrick Smith et al. used 400g/mol PEO with LiTFSI 
in a 19:1 EO:Li ratio. Commercially available Norland 65 was used as the photo-
polymerizable monomer. By changing the optics they were able to achieve two different 
lamellar nanostructures; one in which the lamella were parallel or perpendicular to the 
hPEM surface. They reported a peak conductivity of 1.93x10-5 S/cm with 45 v/v% 
LiTFSI+PEO for the samples formed in transmission mode, meaning that the lamella 
normal is perpendicular to the surface of the film. The morphology of the films, shown in 
Figure 2.14, are quite dependant on the ratio between PEO+LiTFSI and Norland 65. For 
low v/v fraction of PEO+LiTFSI the films exhibit an island structure which gradually 
transitions into a brick and mortar structure for films with 40-50% electrolyte. Finally 
with overloading of the electrolyte the carefully created microstructure is lost. 
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Figure 2.14: Morphology of hPEM as a function of electrolyte content and the mode in which they 
were exposed to the diffraction pattern [33]. 
 
 
As can be seen in Figure 2.15, the room temperature conductivity of the 
membranes is a function of both electrolyte loading and the direction in which the lamella 
are oriented. As the amount of electrolyte is increased the conductivity increases before 
reaching a plateau at 45% LiTFSI-PEO. Additionally, the conductivity is always higher 
for the films cast in transmission mode than reflection mode. This makes sense because 
in transmission mode the ions can travel from one electrode to the other without having 
to cross the non-conductive Norland lamella. One can also see that the anisotropy within 
the samples is highest at 40% electrolyte loading because this condition is when the most 
clearly defined lamella are present. 
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Figure 2.15: Room temperature conductivity as a function of electrolyte loading in both transmission 
and reflection modes [33]. 
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2.4 Polymer Gel Electrolytes 
  
Instead of using various fillers or non conducting segments to improve the ionic 
conductivity of polymer electrolytes another approach is to swell the polymer with a non-
aqueous solvent, creating a gel. By swelling the gel, the solvent in effect creates more 
free volume within the electrolyte, increasing the ability for polymer chains to reptate and 
therefore conduct. This is much the same as was mentioned earlier when discussing the 
effects of using low molecular weight PEO.  
There are several different types of solvents that can be used to create a polymer 
gel electrolyte, the most common being propylene carbonate (PC) but other useful 
solvents include ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate 
(DEC) and γ-butyrolactone (BL) [34].These solvents are chosen because of their low 
melting points, high boiling points, high dielectric constants and low viscosities [6]. 
Suitable solvents also cannot contain active protons because they will interact with the 
strongly reactive anode and cathode, but need to be polar to dissolve the lithium salts. 
Table 2.1 contains information about the structure and properties of many of the most 
commonly used solvents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
27 
 
 
 
Table 2.1: Plasticizers commonly used in gel polymer electrolytes [6]. 
 
 
 
 
However, shortly before researchers began experimenting with heterogeneous 
polymer gels they first experimented with using PEO as its own plasticizer, specifically 
adding low molecular weight poly(ethylene glycol) (PEG) to PEO with Lithium Triflate 
(LiCF3SO3). In 1987 Yukio Ito et al. successfully did this, resulting in an electrolyte 
exhibiting a conductivity of 3×10-3 S/cm at 25°C with the addition of 50% 600 MW PEG, 
as can be seen In Figure 2.16 [35]. The addition of low molecular weight PEG greatly 
reduced the crystallinity of their PEO-PEG films, explaining the observed jump in 
conductivity. 
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Figure 2.16: Conductivity as a function of temperature for PEO-LiCF3SO3 with x amount PEG[35]. 
 
 
In 1985, B. C. H. Steele’s group used PEG with methylated terminal hydroxyl 
groups (PEGDME) as a plasticizer with some success [36]. The samples were prepared 
with 4x106 MW PEO and 400 MW PEGDME, and LiCF3SO3 was used as the salt. All 
materials were dissolved in acetonitrile before being cast in a Petri dish and allowed to 
dry for 24 hrs at 120°C. As shown below in Figure 2.17, the peak conductivity at all 
temperatures was realized for samples with 65 mol% PEGDME. This sample exhibited a 
room temperature conductivity of 10-6 S/cm but it rapidly improved to 10-4 S/cm by 
40°C.  
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Figure 2.17: Conductivity as a function of temperature for: ·, 0 mole% PEGDME; +, 21 mole% 
PEGDME and *, 65 mole% PEGDME [36]. 
 
 
This group also experimented with different ratios of lithium to PEO, finding that 
while at low temperature (below 55°C) the conductivity was identical for 8.3:1 and 
18.7:1 O:Li, the 18.7:1 ratio had somewhat better high temperature conductivity, as seen 
in Figure 2.18. It is interesting to note that this transition occurs at the melting 
temperature of PEO. Indeed, the group noted that lithium salt is far less soluble in 
amorphous PEO than in crystalline PEO, leading to salt supersaturation at high 
temperatures and therefore improved properties in the sample with less lithium salt. 
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Figure 2.18: Conductivity as a function of temperature for O;Li ratios of: ·, 5.2:1; +, 8.3:1 and *, 
18.7:1 [36]. 
 
 
 
In 2001 Chandraeskaranet al. reported on a PEO system with NaClO4 as the salt 
and PEG, PC and dimethylformamide (DMF) as plasticizers [37]. They reported a peak 
room temperature conductivity for the sample using DMF as an additional plasticizer, 
1.7×10-2S/cm. A close second was the sample using PC as a plasticizer, at 1.5×10-2S/cm. 
In both cases the polymer system was 45% PEO, 45% PEG and 10% salt, and10 % 
additional plasticizer was used. This reported conductivity is certainly high enough to 
enable usage in a battery; however the question remains whether or not its mechanical 
properties are enough to prevent degradation as a result of dendrite formation. 
Finally, in 2010 S.P. Low et al. studied the effect of plasticizer concentration on 
electrolyte performance [38]. This group used poly(methyl methacrylate)-grafted natural 
rubber as the polymer matrix instead of PEO, LiClO4 as the lithium salt, EC as the 
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plasticizer and added TiO2 nanoparticles as well. As can be seen in Figure 2.19, the 
electrolyte conductivity does depend greatly on plasticizer concentration; the 
conductivity improves from 3x10-6S/cm for samples prepared with no EC to   
1.1x10-3S/cm for samples with 30wt% EC. They hypothesize that the increase in 
conductivity with increasing EC content is due to additional solvent increasing ion 
mobility within the polymer matrix. However above 30% EC the EC is observed to begin 
to phase separate, creating phase boundaries and causing a decrease in the conductivity of 
the electrolyte. 
 
 
Figure 2.19: Conductivity as a function of plasticizer loading [38]. 
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2.5 Block Copolymers 
 
Block copolymers are polymers in which the polymer chain is comprised of two 
or more types of repeat units and the repeat units are organized in blocks. The two 
different monomer units tend to be quite different, causing the block copolymers to phase 
separate into unique domains. Depending on the volume fraction of each block phase 
separation can result in several different morphologies, as shown in Figure 2.20. This 
variety of microstructures results in a great flexibility of applications for block 
copolymers. 
 
 
Figure 2.20: The different morphologies of block copolymers [39]. 
 
 
One such application for block copolymers is in lithium ion batteries. A block 
copolymer can be formulated with one block capable of conducting lithium ions while 
the other block improves the mechanical strength of the electrolyte. It is easy to see how 
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block copolymers could be employed to produce a polymer electrolyte that finally 
combines the necessary electrical and mechanical properties for use in lithium ion 
batteries. 
The first paper reporting a true block copolymer for use as a polymer electrolyte 
was published in 1987 by F. M. Gray et al. [40]. They used an ABA triblock copolymer 
comprised of short- chain polyethylene oxide (PEG) grafted onto styrene-butadiene-
styrene block copolymer and LiCF3SO3 (7:1 O:Li) was used as the electrolyte. A room 
temperature conductivity of 5x10-5S/cm was reported for a sample with a 750 MW PEG 
grafted onto 30% of the butadiene repeat units, as seen in Figure 2.21. 
 
 
Figure 2.21: Conductivity as a function of temperature for block copolymers with 30% butadiene 
units reacted and 750 MW PEG (circles), 30% butadiene units reacted and 550 MW PEG 
(diamonds), 52% butadiene units reacted and 550 MW PEG (squares) and 52% butadiene units 
reacted and 750 MW PEG (triangles) [40]. 
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In 1989 I. M. Khan et al. reported using an ABA triblock copolymer in which A 
was polymethacrylate with oligo(oxyethylene) side chains and B was polystyrene with 
lithium perchlorate to create a solid polymer electrolyte [41]. As can be seen in Figure 
2.22, they achieved a maximum room temperature conductivity of 10-6 S/cm for a sample 
with 55wt% modified polymethacrylate. All films were made with a 17:1 O:Li ratio, and 
mechanical properties of these samples were not reported. 
 
Figure 2.22: Conductivity as a function of temperature for samples with 55wt% polymethacrylate 
(squares) 43wt% polymethacrylate (triangles) and 60wt% methacrylate (circles) [41]. 
 
 
In 1999 a group led by Anne Mayes reported on a poly(lauryl methacrylate)-b-
poly[oligo(oxyethylene methacrylate)] PLMA-b-POEM block copolymer system using 
LiCF3SO3 as the salt in a 20:1 EO:Li ratio [42]. They found that while the pure POEM 
and the block copolymers swollen with PEGDME produced the best properties, the room 
temperature conductivity of the block copolymer with 23% PLMA produced a room 
temperature conductivity of 6x10-6 S/cm, less than one order of magnitude less than the 
pure POEM sample and the swollen sample. These results, summarized in Figure 2.23 
show that the conductivity of the electrolytes decreases with decreasing POEM, which is 
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not surprising since ionic conduction only occurs in this block. The group also reported a 
modulus of 3x104 Pa for a sample with 32% PLMA. 
 
Figure 2.23 Conductivity as a function of temperature for various PLMA-b-POEM copolymers and 
pure POEM [42]. 
 
In 2002 P. E. Trapaet al. synthesized block copolymers of poly[(oxyethylene)9 
methacrylate]-b-poly(butyl methacrylate) using atom transfer radical polymerization [43]. 
LiCF3SO3 was used as the lithium salt and the maximum conductivity was found when 
the block copolymer was 60 weight% POEM, as seen in Figure 2.24. At room 
temperature this system exhibited a relatively high conductivity of 10-5S/cm, and the 
reported storage modulus was as high as 0.5MPa, as seen in Figure 2.25. 
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Figure 2.24: Conductivity as a function of temperature for pure POEM and block copolymers 
containing 50 and 60% POEM [43]. 
 
 
 
 
Figure 2.25: Storage and loss modulus of PEOM-b-PBMA (60:40) determined via dynamic frequency 
sweep with 1.5% strain [43]. 
 
 
In 2003 Thomas H. Epps et al. studied a block copolymer consisting of lithium 
perchlorate-doped poly(isoprene-b-styrene-b-ethylene oxide) [44]. First they determined 
the block copolymer phase diagram for samples both with and without lithium 
perchlorate (24:1 O:Li), shown in Figure 2.26. The research team also used SAXS to 
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study the morphology of the system as a function of salt concentration (Figure 2.27) and 
determined that the d spacing of the block copolymer increases with increasing salt 
concentration. As can be seen in the phase diagrams, the addition of lithium removes both 
the core-shell gyroid (CSG) and semiperforated lamellar (SPL) phases, instead greatly 
increasing the range in which one expects to have the core-shell cylinder (CSC) 
morphology. The two-domain lamellar (LAM2) and three-domain lamellar (LAM3) are 
unaffected by the addition of the lithium salt. It is hypothesized that the elimination of 
potential morphologies and an increase in the order-disorder transition (TODT) are due to 
the salt preferentially entering the PEO domain. This increased the segregation strength 
of the system so only structures with relatively large domain spacing can still exist, thus 
eliminating some of the more complex structures. The (perforated lamellar spheres) PLS 
microstructure is still theorized to exist in systems with lithium perchlorate but they were 
not reported on.   
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Figure 2.26: Phase diagram both with and without lithium perchlorate [44]. 
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Figure 2.27: a. Intensity vs. q for various LiClO4 concentrations at 140°C. b. Same as graph a. but for 
higher q values. c. Haxagonal CSC domain spacing obtained from SAXS data [44]. 
 
 
 
Next, in 2007 a group led by Nitash Balsara studied the effects of polymer 
molecular weight on the electrical and mechanical properties of a polystyrene-block-
polyethylene oxide copolymer [45]. Li[N(SO2CF3)2] was used as the salt, and the PEO 
volume fraction ranged from 0.38-0.55, resulting in a lamellar structure. As can be seen 
in Figure 2.28, regardless of the temperature the conductivity of the electrolyte improves 
with increasing PEO molecular weight. As discussed earlier, when Yukio Ito et al. added 
50% PEG to their system, they observed an improvement in conductivity of at least two 
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orders of magnitude [35]. This is somewhat surprising because, as discussed earlier, for 
solid polymer electrolytes low molecular weight PEO tends to have better electrical 
properties but suffer mechanically. The research team argues that the key to this 
surprising result lies in Figure 2.29, which shows that as the chain length of the PEO 
segment increases the d spacing between the lamella increases. This suggests that the 
PEO chains are more stretched out when high MW PEO is used, and it is possible that 
this strained PEO cannot bind to the lithium ions as strongly as more relaxed PEO chains. 
Not surprisingly, the mechanical properties do improve with increasing polymer 
molecular weight, as seen in Figure 2.30. The peak modulus is approximately 50MPa. 
 
Figure 2.28: Conductivity as a function of molecular weight [45]. 
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Figure 2.29: Lamellar d spacing as a function of PEO chain length [45]. 
 
 
 
 
 
Figure 2.30: Storage modulus for several PS-b-PEO electrolytes. The first number corresponds to the 
MW/1000 of the PS block and the second number corresponds to the MW/1000 of the PEO block. So 
SEO (36-25) contains 36000 MW PS and 25000 MW PEO [45]. 
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Finally, in 2011 J. Jiet al. studied polyethylene oxide-block-polyethelyene (PEO-
b- PE) system with LiClO4 as the lithium salt [46]. They found that increasing the PE 
concentration actually improved the conductivity and mechanical properties of the block 
copolymer electrolytes, experiencing peak conductivity with 80% PE. This is because as 
the volume fraction of PE increased, the size of each PEO domain decreased and with it 
so did the crystallinity of the PEO segments, as seen in Figure 2.31. 
 
Figure 2.31: Schematic representation of block copolymers with 50% PE and 1400 MW (SPEh-50), 
50% PE and 920MW (SPEt-50) and 80% PE and 875 MW (SPE-80) [46]. 
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2.6 Cellulose and Cellulose Nanocrystals (CNCs) 
 
Cellulose was first discovered in 1838 and since then has been used extensively as 
a natural polymer in a wide variety of applications. Cellulose is one of the most abundant 
materials on earth, as approximately 1/3 of all plant matter is cellulose [47]. In 1920 X-
ray diffraction was used to determine that cellulose was composed of crystalline domains, 
leading to much work isolating only these crystalline segments [48]. It was later 
determined that cellulose exists in 4 different crystal structures, types I-IV, although only 
types I and II are found in nature and the most crystalline domains observed in 1920 were 
type I. This breakthrough in isolating the type I cellulose occurred in 1949 by Bengt G. 
Rånby. He successfully used sulfuric acid to hydrolyze bulk cellulose, resulting in the 
formation of Cellulose Nanocrystals (CNCs) [49, 50]. The sulfuric acid preferentially 
hydrolyzes the less crystalline cellulose segments (type II), resulting in only the most 
crystalline type I segments remaining. The two different paths for acid hydrolysis of 
cellulose is shown schematically below in Figure 2.32 and the potential surface chemistry 
change is shown in Figure 2.33[51]. 
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Figure 2.32: Schematic of the acid hydrolysis of cellulose [51]. 
 
 
 
 
Figure 2.33: Schematic showing the potential change in surface chemistry as a result of the 
hydrolysis process [51]. 
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As can be seen in the schematic, there are two different potential mechanisms for 
the hydrolysis of cellulose. In the first mechanism the proton from the acid attacks the 
ether oxygen not part of the glucose ring structure. This results in the oxygen atom 
breaking one of its bonds with a carbon atom in the glucose ring and instead forming an 
alcohol end group. The newly freed carbon is now a free radical but quickly reacts with a 
nearby water molecule to also gain an alcohol end group. 
In the second mechanism the proton from the acid instead attacks the ether 
oxygen that is part of the glucose ring. Thanks to electron transfer this results in an 
almost identical structure as described above. However the only difference is from which 
carbon atom the glucose ring is connected to the next glucose ring. In mechanism one the 
connecting ether oxygen is bonded to the second carbon in the glucose ring, while in 
mechanism two the connecting ether oxygen is bonded to the first carbon in the glucose 
ring. 
 Both mechanisms leave potential for the esterification of cellulose by the sulfuric 
acid. In this mechanism, the free proton does not bond to one of the ether oxygen atoms 
but instead attacks the hydroxyl end group on the glucose ring. This results in the 
formation of cellulose sulfate, a useful product because the cellulose sulfate will have 
negative surface charge in neutral or basic conditions, creating a stabilizing repulsive 
force preventing aggregation of the cellulose during storage.  
With the discovery of acid hydrolysis of cellulose, cellulose nanocrystals could 
now be considered for use as a nanofiller in various composites. The tensile strength of 
these pure fibers in the fiber direction has been calculated by Kohjl Tashiro and 
Masamichi Kobayashi to be as high as 172.9 GPa, extremely high for a natural material 
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[52].Because of this high tensile strength many research groups have incorporated CNCs 
as a filler material to improve the mechanical properties of their composites. For 
example, in 2005 Paul Podsiadloet al. used layer by layer assembly (LBL) to create a 
poly(diallyldimethylammonium chloride) (PDDA)- CNC nanocompsite. They were able 
to produce 11nm thick layers using just 10 minute adsorption intervals, a much faster 
growth process than carbon nanotube composites [53]. A follow up study in 2010 
detailed the mechanical properties of these films as well as chitosan-CNC LBL films 
[54]. A three time increase in the elastic constant in the growth plane and a 50% increase 
in the elastic constant in the growth direction was observed for the PDDA-CNC system 
while only a two time increase in the growth plane and no significant increase in the 
elastic constant in the growth direction was observed for the chitosan-CNC films. It was 
posited that this difference was due to greater interaction between the cellulose and the 
PDDA than between the cellulose and the chitosan. The research group concluded that 
the chitosan and cellulose largely stay separate from each other while the CNCs can 
actually partially embed itself in the PDDA layers, resulting in better adhesion and 
therefore better mechanical properties. They also noted that the modulus of the samples 
were independent of film thickness, exactly what one would expect. 
In 2010 Esteban E. Ureña-Benavides et al experimented with adding CNCs to wet 
spun alginate fibers [55]. They found that while the CNCs initially decreased the 
mechanical properties of the fibers, the addition of CNCs greatly increased the maximum 
strain that the fibers could withstand without breaking. By then nearing this strain limit 
the group was able to produce an overall improvement in final mechanical properties of 
the fibers with CNCs over the pure alginate fibers.  The same research group reported on 
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a more detailed follow up study in 2011 [56]. In this paper they explain that during fiber 
drawing the cellulose does align with the strain field, but as the CNC concentration is 
increased the CNCs begin to interfere with each other, preventing alignment.  The 
research group reported the maximum mechanical properties with 10wt% CNC and a 
maximum drawing ratio. This maximum at 10wt% cellulose is because at more than 
10wt% cellulose the cellulose does not adequately align with the strain field, but at lower 
than 10wt% cellulose more of the mechanical load must be borne by the weaker alginate 
matrix. 
Additionally, researchers have worked to electrospin CNCs into fibers. As 
mentioned earlier, in nature, cellulose can take one of two crystal structures, called 
cellulose I and II. The most crystalline cellulose is type I, and type I regions are linked 
with less crystalline type II. Therefore CNCs are type I cellulose, and because they are 
rigid they do not entangle and therefore cannot be electrospun on their own. In 2009 
Washinton L. E. Magalhaes et al. used a core-shell electrospinning method to create pure 
cellulose fibers [57]. The core consisted of rigid type 1 cellulose dissolved in water while 
the shell was entangled type II cellulose dissolved in a mixture of water and N-
methylmorpholine oxide (NMMO), making electrospinning possible. It was seen that 
when pure type II cellulose was electrospun the greater the flow rate the greater the final 
crystallinity, which makes sense because the greater flow rate results in greater strain on 
the cellulose. However, once the type I core was added, no effect of flow rate was 
observed, suggesting that the addition of the CNCs inhibit the crystallinity of the fibers as 
a whole. In a follow up paper published in 2011 it was reported that this core-shell 
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electrospun fiber had a maximum tensile stress of 140MPa, nearly double the value of 
non-aligned cellulose [58].  
Another system that has benefited from improved mechanical properties as a 
result of the addition of CNCs is PEO fibers. Because of its biocompatibility PEO has 
been used for medical applications, mainly serving as moist wound dressings for burn 
victims. However the mechanical properties of PEO must be improved before it can be 
used for more rigorous applications, such as a scaffold for tissue regeneration. In 2011 
Chengjun Zhou et al. successfully electrospun PEO/CNC fibers without resorting to 
core/shell electrospinning [59]. They observed two different microstructures depending 
on the concentration of PEO in the original solution and reported the benefits of the CNC 
addition. The research team observed that a highly concentrated PEO/CNC solution 
resulted not in perfectly aligned PEO fibers, but instead mostly aligned primary fibers 
that were attached by a series of smaller secondary fibers which did not run along the 
fiber axis. This pseudo-network structure improved the mechanical properties when 
compared to samples spun from a less concentrated solution, as these samples only 
exhibited primary fibers. The best overall properties were observed for the highly 
concentrated sample consisting of 20 wt% CNCs (σmax=8.52±0.25MPa and E=59.6±3.8 
MPa), compared to σmax=4±0.1MPa and E=23.8±0.9 MPa for a pure highly concentrated 
PEO solution, and σmax=7.04±0.21MPa and E=35.3±0.5 MPa for a less concentrated 
solution consisting of 20wt% CNCs. This 20wt% cellulose, highly concentrated solution 
sample also exhibited the best conductivity, with an average value of 4.81x10-4S/cm-1. 
This represents an order of magnitude improvement over the conductivity of the pure 
PEO (9.2x10-5S/cm-1) and a slight improvement over the conductivity of the low 
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concentration, 20wt% CNC sample (3.99x10-4S/cm-1). This represents a significant 
development because the target conductivity criteria for using an electrolyte in a battery 
application is generally 10-4 S/cm-1. However it is questionable as to whether these 
samples were truly dried properly, as they were electrospun from aqueous solutions and 
only allowed to dry under vacuum at 40°C for 12 hours. Most other groups that report 
conductivity data typically dry their samples for a much longer time (typically 1 week) or 
at a higher temperature (at least 60°C). 
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2.7 Problem Statement and Objective 
 
As alluded to before, the significant problem with the current state of the art 
technology is the poor mechanical properties of the electrolytes leading to the formation 
of lithium dendrites. In the short term these dendrites rob the battery of storage capacity 
and the ability to discharge what energy it can store and leads to potential short circuits 
and explosions in the long term. This is because charge is stored in the lithium ions 
themselves, and every time a lithium ion becomes part of a solid dendrite it is no longer a 
free ion to participate in charge storage, decreasing the ability for the battery to hold a 
charge.  
Secondly, the dendrites form at the surface of the cathode and the ability for the 
battery to discharge is related to both the activity and surface area of this electrode. 
Therefore a dendrite growing on the surface of the cathode decreases the amount of 
electrode surface area that is available to reduce the lithium ion, slowing down the 
discharge process. This decreases the maximum current one could get from the battery, a 
significant problem if one is designing a battery for a particular application that requires a 
constant flow of energy. 
Thirdly, dendrite growth can lead to short circuits within the battery and therefore 
explosions. This can happen when a cathode has multiple lithium dendrites growing on 
its surface and they meet each other. When this happens there is now essentially a lithium 
wire with very low resistance that runs from one section of the cathode to another. This is 
a short circuit and can lead to very high current traveling through this wire while the 
battery is being used. This high current will generate a significant amount of heat, which 
can then cause combustion of the electrolytic membrane. While the first two issues with 
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the currently available batteries are largely financial and practicality concerns, this issue 
can lead to serious safety concerns. It is therefore necessary to create batteries with 
electrolytes robust enough to prevent lithium dendrite formation in the first place. 
There are additional practical reasons why a solid polymer or more robust gel is 
better than the currently commercially available liquid electrolytes. For example, when 
working with a liquid electrolyte the battery must be designed in such a way that the 
liquid will not leak. This means that a chamber must be built to store the electrolyte. This 
chamber can increase the battery’s size and weight while also greatly limiting the 
geometric flexibility of the battery, as it always must be designed to incorporate this 
chamber. When working with a solid polymer electrolyte there is no need for a chamber, 
meaning that the battery can be made into just about any shape for any application. 
Based on the previous work detailed in Sections 2.1-2.3, it is the goal of this 
project to use cellulose nanocrystals instead of a metal oxide as a filler to improve the 
room temperature performance of solid polymer electrolytes. In addition to improving the 
conductivity of the electrolyte, cellulose is expected to improve its mechanical properties 
as well. 
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3. Materials and Method 
 
3.1 Materials 
 
Polyethylene oxide (PEO) (300,000 MW) and Lithium Perchlorate (99.99% pure, 
battery grade) were purchased from Sigma Aldrich and used without further purification. 
Anhydrous dimethylformamide (DMF) (99.8%) and Sulfuric Acid (95-98% pure) were 
also purchased from Sigma Aldrich and used without further purification. Distilled water 
was purchased from Aqua Solutions and also used without further purification.  
Cellulose Nanocrystals were synthesized from Sigmacell Cellulose 50µm powder 
purchased from Sigma Aldrich using the synthesis procedure detailed in the following 
section. Mixed bed resin TMD-8 was also purchased from Sigma Aldrich and used 
without further purification. The chemical structures of polyethylene oxide, lithium 
perchlorate, cellulose, DMF and sulfuric acid are shown below in Table 3.1. 
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Table 3.1: Chemical structures of materials used 
Material Name Chemical Structure 
Polyetheylene oxide 
 
Lithium Perchlorate 
 
Cellulose 
 
Dimethylformamide 
 
Sulfuric Acid 
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3.2 Characterization Techniques 
 
Several techniques will be used to characterize the cellulose nanocrystals and 
composites made with them. These techniques include differential scanning calorimetry, 
X-ray diffraction, thermal gravimetric analysis, electrochemical impedance spectroscopy, 
dynamic mechanical analysis, atomic force microscopy, and polarized light microscopy. 
All of these techniques will now be discussed in greater detail. 
 
 
3.2.1 Differential Scanning Calorimetry 
 
 Differential Scanning Calorimetry (DSC) is a thermal analysis technique in which 
a sample can be heated and cooled in a controlled manner to study various transitions. 
The DSC equipment records the heat flow into (endothermic process) or out of 
(exothermic process) the sample and compares that to an empty reference sample. The 
difference in heat flow between the sample and reference is then recorded and plotted as 
a function of temperature, as seen in Figure 3.1, an example DSC curve. If the sample 
undergoes a melting transition (an endothermic process) an increase in the amount of heat 
required to raise the temperature of the sample relative to the amount of heat required to 
raise the temperature of the reference will be recorded. Conversely, if a crystallization 
transition (an exothermic process) occurs then a decrease in the amount of energy 
required to raise the temperature of the sample relative to the amount of heat required to 
raise the temperature of the reference will be recorded. Glass transitions can also be 
observed using DSC as a change in the slope of the heating or cooling curve, as a glass 
transition changes the heat capacity of the sample. 
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Figure 3.1: A model DSC curve showing a glass transition and melting peak [60]. 
 
In addition to simply determining what transitions are present in a material and 
the temperatures at which they occur, differential scanning calorimetry can be used to 
quantitatively study the crystallization behavior of a sample. This is done by comparing 
the amount of energy required to melt the sample (the area under the melting curve), 
normalized by the amount of sample is actually present to the heat of fusion of the 
material. The heat of fusion of a material is the amount of energy required to take one 
gram of a material from the 100% crystalline phase to the liquid phase. Therefore the 
ratio between the heat of fusion of the prepared sample and the heat of fusion of a 
perfectly crystalline sample gives the % crystallinity of the sample. A general formula 
can be written as shown in Equation 3.1.  
 
𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 = 𝒉𝒆𝒂𝒕𝒐𝒇𝒇𝒖𝒔𝒊𝒐𝒏𝒐𝒇𝒑𝒓𝒆𝒑𝒂𝒓𝒆𝒅𝒔𝒂𝒎𝒑𝒍𝒆 (𝑱/𝒈)
𝒉𝒆𝒂𝒕𝒐𝒇𝒇𝒖𝒔𝒊𝒐𝒏𝒐𝒇𝒑𝒆𝒓𝒇𝒆𝒄𝒕𝒍𝒚𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆𝒔𝒂𝒎𝒑𝒍𝒆 (𝑱/𝒈) … … … … … … … … ..[3.1] 
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When dealing with composites this formula must be slightly modified by taking 
into account the fact that not all of the material will participate in the observed melting 
transition. Therefore the heat of fusion of the prepared sample must be normalized by the 
amount of material actually melting during the transition being studied, as shown in 
Equation 3.2. 
 
𝑪𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒊𝒕𝒚 = 𝒉𝒆𝒂𝒕 𝒐𝒇 𝒇𝒖𝒔𝒊𝒐𝒏 𝒐𝒇 𝒑𝒓𝒆𝒑𝒂𝒓𝒆𝒅 𝒔𝒂𝒎𝒑𝒍𝒆 (𝑱/𝒈) × 𝒇𝒓𝒂𝒄𝒕𝒊𝒐𝒏𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 𝒘𝒉𝒊𝒄𝒉 𝒊𝒔 𝒎𝒆𝒍𝒕𝒊𝒏𝒈
𝒉𝒆𝒂𝒕 𝒐𝒇 𝒇𝒖𝒔𝒊𝒐𝒏 𝒐𝒇 𝒑𝒆𝒓𝒇𝒆𝒄𝒕𝒍𝒚 𝒄𝒓𝒚𝒔𝒕𝒂𝒍𝒍𝒊𝒏𝒆 𝒔𝒂𝒎𝒑𝒍𝒆 (𝑱/𝒈) …..[3.2] 
 
 
 
Differential Scanning Calorimetry (DSC) was performed using a Perkin Elmer 
DSC 7. Approximately 5mg of sample was used in each test, and all tests were conducted 
in a glove box under N2. Each sample was held at 22°C for one minute before being 
heated from 22°C to 100°C at 10°C per minute. The samples were then held at 100°C for 
2 minutes before being cooled to -60°C at 10°C per minute. The samples were then held 
at -60°C for 5 minutes before being heated back to 100°C at 10°C per minute. The 
melting temperature (Tm) was calculated as the peak of the melting endotherm and the 
peak area was determined as the area under the curve from onset point to conclusion 
point of the melting peak on the melting endotherm. 
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3.2.2 X-ray diffraction 
 
X-ray diffraction is a technique in a collimated beam of X-rays bombard a 
sample, causing them to scatter. The X-rays can constructively and destructively combine 
according to Bragg’s law, Equation 3.3, in which d is the space between atomic planes, λ 
is the wavelength of the X-rays used, θ is the degree to which the X-ray was scattered by 
the sample, and n is an integer. When the Bragg condition is satisfied constructive 
interference can occur, and a peak is seen in a graph of X-ray intensity as a function of 2θ 
position. This 2θ value can then be plugged into Equation 3.3 to determine the d spacing 
that led to the peak. In this way the crystal structure of a sample can be determined. 
Additionally, the height of the peak is proportional to the number of planes exhibiting 
this d spacing. The more crystalline the material the more ordered planes it should have, 
so crystallinity information can also be calculated from X-ray diffraction. 
 
𝟐𝒅𝒔𝒊𝒏𝜽 = 𝒏𝝀………………………………………………[3.3] 
 
 
 There are two forms of X-ray diffraction commonly used; small angle X-ray 
diffraction (SAXS) and wide angle X-ray diffraction (WAXS). As can be inferred from 
their names, SAXS concerns itself with small values of θ (often less than 1°) while 
WAXS instead focuses on larger values of θ. This is significant because, as can be seen 
in Equation 3.3, a small θ corresponds to a large d spacing, and vice versa. Therefore 
SAXS provides information about large periodicities, such as the size of crystalline and 
amorphous segments in a polymer (10-100nm), while WAXS instead provides 
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information about small periodicities, such as the actual crystal structure of a material (1-
10nm). Both techniques will be used here. 
 Both Small–angle and Wide-angle X-ray Diffraction were completed on the 
samples using a Rigaku biaxial Diffractometer and 3 pinhole collimator. The test was 
performed method using a Cu Kα target (λ=1.54Å) at 45kV and 0.88mA. For WAXS the 
diffraction angle ranged from 5° to 56°, and x-rays were collected using an image plate. 
For SAXS the diffraction angle ranged from 0.1° to 1°, and x-rays were collected with a 
2D cathode wire array.  
 
3.2.3 Thermal Gravimetric Analysis 
 
 Thermal Gravimetric Analysis (TGA) is another thermal analysis technique in 
which a sample can be heated to study transitions. However, unlike DSC, which records 
melting, crystallization and glass transitions, TGA is concerned with transitions that 
result in the weight loss of a sample, such as evaporation or degradation. TGA works by 
monitoring the weight of a sample as it is heated, with both temperature and weight 
carefully monitored. This allows for the study of weight changes as a function of 
temperature. If a sample contains multiple types of materials which either evaporate or 
degrade at different temperatures, then TGA can be used to determine how much of each 
material is present.  
Thermal Gravitational Analysis (TGA) was completed using a Perkin Elmer TGA 
7. Between 5-10mg of sample was placed on the balance at 25°C and was allowed to 
equilibrate there for 5 minutes under nitrogen gas. The samples were then brought to 
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150°C at a scan rate of 10°C/min and held there for up to 120 minutes to study the weight 
loss characteristics of each sample. 
 
3.2.4 Electrochemical Impedance Spectroscopy 
 
Electrochemical Impedance Spectroscopy (EIS) is a technique used to measure an 
ionic material’s electrical characteristics, such as resitivity, impedence and capacitance. 
EIS works by using an alternating current (AC) power supply to alternate the voltage 
applied to a sample and studies the sample’s response to produce Nyquist and Bode plots, 
which can then be analyzed. 
A Nyquist plot, shown in Figure 3.2, is a graphical representation of a sample’s 
real and imaginary resistance, with the real resistance plotted on the x axis and the 
imaginary resistance plotted on the y axis. As the EIS varies the frequency of the 
alternating voltage, the material will have different responses depending on whether or 
not the ions can move quickly enough to participate in conduction. The result is usually 
one or more semicircles followed by a long tail extending at approximately 45°. The x 
intercept of each semicircle is the real resistance value of the sample, as it is the 
resistance of the sample when the imaginary resistance goes to 0. Each semicircle 
corresponds to an ion participating in conduction, so the more ions present in an 
electrolyte the more semicircles one should expect to see in the Nyquist plot. 
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Figure 3.2: Example Nyquist plot [61]. 
  
 
 
A Bode phase plot, seen in 
 
Figure 3.3b, measures the phase shift present in the sample and plots it as a 
function of frequency. This is valuable because one can see at which frequency there is a 
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maximum delay between the alternating voltage and the sample’s response. This peak 
typically occurs at the maximum frequency above which the ions can no longer 
participate in conduction, as the frequency is oscillating too quickly for the ions to 
repeatedly change direction. Therefore there should be a peak in the phase shift for each 
ion participating in conduction as well. When the phase lag goes to zero this means that 
the frequency is low enough that all ions can participate in conduction and the imaginary 
resistance goes to zero. Comparing the Bode and Nyquist plots to ensure that the Bode 
plot shows a minimum phase lag (ideally 0) when the Nyquist plot shows the semicircle 
reaching the x (real resistance) axis is a valuable way to check both results to make sure 
that they agree with each other and one is not simply measuring noise. 
Finally, a Bode amplitude plot, seen in Figure 3.3a, plots the complex resistance 
as a function of frequency. At frequencies in which the imaginary resistance is near 0 (so 
the phase shift is also 0) the only resistance present will be the real resistance, which 
should largely be frequency independent. Therefore a plateau will be present at these 
frequencies.   
 
 
Figure 3.3: Example Bode plot, a. amplitude and b. phase shift as a function of frequency [61]. 
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The resistance of a sample is taken as the x intercept of the semicircle observed in 
the Nyquist plot. This is then converted into the reported conductivity value using 
Equation3.4, in which σ is the conductivity, L is the sample thickness, A is the sample 
cross sectional area, and R is the measured resistance. 
𝝈 = 𝑳
𝑨𝑹
…………………………………………………….. [3.4] 
 
 
Conductivity measurements were completed using Electrochemical Impedance 
Spectroscopy (EIS) in two configurations (Parstat 2273 Advanced Electrochemical 
System). The first configuration, used to determine the through-plane conductivity is a 
sandwich probe and shown in Figure 3.4a. The second configuration, used to determine 
the in-plane conductivity is a four line probe and is shown in Figure 3.4b. All 
conductivity values were determined using a frequency sweep from 0.1Hz to 1MHz. 
20mV was applied during through-plane tests and 500mV was applied during in-plane 
tests. A larger voltage was required for the in-plane tests because using the in-plane 
configuration the cross sectional area tested is smaller and the length tested is larger than 
in the through-plane configuration, resulting in the sample having a much larger 
resistance in the in-plane test. All conductivity tests were performed in a glove box under 
nitrogen and the temperature sweep test was conducted from 23°C to 110°C. The 
temperature was equilibrated for 10minutes for every 10°C. 
63 
 
 
 
 
Figure 3.4: Schematic showing the test set up to determine a. through-plane and b. in-plane 
conductivity. 
 
 
3.2.5 Tensile Testing 
 
 Tensile Testing is a valuable way to determine the mechanical properties of a 
sample. A tensile tester consists of two grips which pull the sample at the desired strain 
rate while recording the amount of force required to do so. The instantaneous force 
required can then be converted into the instantaneous engineering stress using Equation 
3.5, in which σ is the stress, F is the force and A is the sample’s cross sectional area. The 
strain rate can be used to calculate the strain using Equation 3.6, in which ɛ is the strain, 
ε̇is the strain rate and t is the time elapsed. Finally, this information can be plotted against 
each other and the Young’s Modulus of the sample can be determined as the slope of the 
initial linear portion of the stress-strain curve. 
 
𝝈 = 𝑭
𝑨
…………………………………………….…….... [3.5] 
𝜺 = ?̇? × 𝒕…………………..………………………………[3.6] 
 
 
Mechanical properties were determined using a KES-G1 thin film tensile tester. 
Samples were cut using ASTM Die D638 Type Vdogbone(0.3175cm wide, 6.35cm long 
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with a test length of 1.27cm) and the average sample thickness was 0.15 mm. A strain 
rate of 0.8mm/s was used and data was recorded via a LabView program interfacing with 
a potentiometer. The program was able to sample data every 0.02 seconds and all tests 
were conducted at room temperature outside of a glovebox.  
 
3.2.6 Atomic Force Microscopy 
 
Atomic Force Microscopy (AFM) is a valuable tool in which a sharp tip on a 
cantilever interacts with a sample to determine the sample’s morphology. AFM can be 
run in three different modes: contact mode, tapping mode and noncontact mode. In 
contact mode the tip is dragged across the surface of the sample, so this is only suitable 
for samples that are relatively hard (so the sample is not deformed by the tip) and flat (so 
the tip is not broken by the sample). Tapping mode is more commonly used as it can 
image softer and rougher samples. In this mode an oscillating sine wave passes through 
the cantilever to control the tip, causing it to be in regular momentary contact with the 
sample’s surface. The tip is subjected to attractive and repulsive forces from the sample, 
and these forces alter the sinusoidal nature of the tip’s movement. It is these disruptions 
in oscillation that are turned into an image by the AFM in tapping mode. Non-contact 
mode is similar to tapping mode except the tip is a bit further away from the sample, 
resulting in it never actually touching the surface it is imaging. Because it is further away 
it generally does not experience the repulsive force that can be observed in tapping mode, 
but instead generates an image based only on the attractive force disrupting the regular 
oscillation of the tip. 
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AFM was performed using a NanoscopeIIIa AFM in tapping mode to prevent the 
tip from damaging the surface. All samples were solution cast or spin coated onto clean 
glass cover slides, dried under vacuum and then attached to the sample holder using 
double sided tape. Imaging was completed using a 50nm diameter tip, a scan size of 2μm 
and a scan rate of 1Hz. Both height and phase data were collected. 
 
3.2.7 Polarized Light Microscopy 
 
Polarized light microscopy (PLM) is a valuable tool to observe the crystal 
structure of a semicrystalline material. Light from a source is polarized via a polarizing 
lense before passing through the sample. The sample is birefringent, meaning that it splits 
the polarized light into two different waves traveling at different speeds. These waves 
recombine to form one wave which then strikes a polarizer oriented perpendicular to the 
first polarizer, meaning only light waves that have been rotated by the sample will be able 
to pass through it. Birefringence can also be studied to determine the sign of a spherulite. 
A positive spherulite will have the refractive index parallel to the radial direction greater 
than that perpendicular to the radial direction [62]. Under a birefringence plate the 
quadrants which the plate’s slow axis intersect will appear blue because the optical 
retardation is added, while the other quadrants will appear yellow because the optical 
retardation is subtracted. For negative spherulites the color pattern in each quadrant is 
reversed. 
For these experiments an Olympus BX51 polarized optical microscope attached to 
an Insight digital camera to study the spherulite formation of the nanocomposites. A 
birefringent plate was also used to determine the sign of the spherulites. The analyzer is 
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placed in the optical path with its optical axis is perpendicular to the direction of the 
polarizer’s optical path, creating a Maltese Cross. 
 
3.2.8 Fourier Transform Infrared Spectroscopy 
 
Fourier transform infrared spectroscopy (FTIR) is a characterization technique in 
which a non-monochromatic infrared (IR) light source beam is used to study how much 
the sample absorbs light at varying wavelengths. Because many wavelengths are 
measured concurrently, a Fourier transform is required to separate and make sense of all 
of the raw data. The final result is a graph detailing how much of any given wavelength is 
absorbed by the sample. 
Absorption of light occurs when the frequency of the light matches the resonance 
frequency of a specific type of bond. Resonance can occur for bond stretching, twisting 
or wagging, resulting in the presence of many absorbance peaks for any given bond type. 
Additionally, each resonance frequency is unique to a specific type of bond, so this 
technique can be used to gather chemical information about a sample.  
Here FTIR is being used to study the presence of sulfate groups attached to the 
CNCs as a result of the hydrolysis process, so the peaks that are of most significance 
include the 1205cm-1 S=O bond which proves the presence of sulfate groups, and the 
3270cm-1 for the stretching of C-C bonds in cellulose I. FTIR will be performed in 
attenuated total reflectance (ATR) mode. In this mode the IR beam is passed through a 
crystal in contact with the sample being studied. The index of refraction of the sample is 
much less than that of the crystal so when the IR beam reaches the crystal-sample 
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interface it is totally internally reflected back into the crystal, allowing it to then travel to 
the detector. 
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3.3 Cellulose Nanocrystal Synthesis Method 
 
 Cellulose Nanocrystals were synthesized using a procedure detailed by Gray et al. 
[63]. Sigmacell Cellulose 50µm powder purchased from Sigma Aldrich was dried at 
40°C for at least 1 day. A 64wt% sulfuric acid solution was prepared and heated to 45°C. 
The dried cellulose powder was then added to the sulfuric acid solution to create a 17.5:1 
ml acid tog cellulose ratio. This suspension was then stirred for 40 minutes at 45°C 
before being diluted 10-fold with DI water to stop the reaction. Next the suspension was 
centrifuged at 6,000RPM, washed with water and re-centrifuged before being placed 
inSpectra/Pordialysis membranes having a molecular weight cutoff of 50,000 Daltons 
and dialyzed against water for 4 days. The DI water was replaced twice a day during this 
period. After dialysis suspensions were sonicated for 20 minutes at 60% output control 
(Sonics VibraCell Ultrasonic Processor) while the entire set-up was placed in an ice bath 
to prevent overheating. Finally, suspensions were stirred with mixed bed research grade 
resin for 2 days before centrifugation was used to remove the mixed bed resin. Three 
additional rounds of centrifugation at 10,000RPM were completed to exchange the CNC 
solvent from water to DMF in preparation for the production of composite films. 
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3.4 Composite Film Preparation Method 
 
 Composite films were prepared via the following method. The desired amount of 
cellulose in DMF (9.1wt% solution) was added to 500mg PEO and 100.7mg Lithium 
Perchlorate in a glass vial with a stir bar to create solutions of 1, 5 at 10wt% cellulose 
(wt% is a percent of the total solid matter). The necessary amount of DMF was then 
added to create 7 wt% solid solutions.   
 Nitrogen gas was then bubbled into the vial for 5 minutes before being sealed 
with several layers of parafilm. The samples were then allowed to stir overnight at 
approximately 50°C. Once the solutions were a viscous, transparent liquid with no visible 
precipitates they were able to be cast into films. The films were cast on 
Polytetrafluoroethylene (PTFE) sheets and then dried. Two different drying methods 
were used, resulting in different film characteristics.  
 The first drying method required placing the films in a desiccator at room 
temperature (23ºC) under vacuum. Because of the low volatility of the solvent and the 
low temperature the vacuum was able to be fully opened without resulting in large 
bubbles in the final morphology. The second drying method required placing the films in 
a vacuum oven at 40°C. The vacuum was increased to full strength gradually to prevent 
bubble formation in the films. Regardless of the initial drying method, the films were 
then left under vacuum for 2 days before being moved to a nitrogen filled glove box 
containing the EIS equipment. The samples were allowed to equilibrate to room 
temperature in the glove box before electrical testing began. After electrical testing was 
completed TGA was run on the samples to confirm their moisture content, DSC and 
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XRD was run to study their crystallinity, and DMA was performed to determine their 
mechanical properties. 
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4. Cellulose Nanocrystals-Poly(ethylene oxide) Composites 
 
Cellulose Nanocrystal synthesis was completed successfully using the method 
detailed above. Dry cellulose powder was dissolved in 64wt% sulfuric acid for 45 
minutes at 40°C before being diluted with water to quench the reaction. Centrifugation 
and dialysis was then used to purify the CNCs, followed by sonication in an ice bath to 
create the proper rod-like shapes. 
The formation of rod-like CNC’s was confirmed with AFM and SEM imaging 
techniques, as seen in Figure 4.1. The cellulose nanocrystals have an average length of 
250nm and an average diameter of 30nm, as can be seen in the accompanying histogram 
produced from the AFM image. The image was analyzed using Image J software, with at 
least 20 randomly selected CNCs measured for each histogram. The reported dimensions 
for CNCs tended to be somewhat larger than those the aforementioned literature. For 
example, Dufresne reported CNCs with an average length of 215nm and diameter of 5nm 
for CNCs derived from Sisal plants [21]. Gray reported lengths of 147nm and widths of 
5nm for CNCs derived from Eucalyptus plants [63]. 
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Figure 4.1: SEM imaging showing cellulose nanocrystals (scale bar 100nm) (a), as confirmed with 
AFM imaging (b). A histogram containing the average dimensions of the nanocrystals was created 
using Image J software (c and d). 
 
 
 
Next FTIR was used to determine whether or not sulfonation of the CNCs 
occurred as a byproduct of the hydrolysis reaction, as was observed in the literature. The 
reflectance spectrum, seen below in Figure 4.2 reveals that there are indeed sulfate 
groups present as evidenced by the 1205cm-1 S=O peak.  
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Figure 4.2: ATR FTIR spectrum of CNCs revealing the presence of sulfate groups. 
 
 
 
The composites were subsequently prepared using the two different drying 
methods previously discussed, resulting in two different final film thicknesses. For films 
dried at room temperature a final thickness of approximately 300μm was obtained while 
films dried at 40°C had a final film thickness of approximately 130μm. Images taken 
using a polarized light microscope can be seen below in Figure 4.3 showing spherulite 
morphology for samples cooled slowly from 150°C. The micrographs were prepared by 
melting a small amount of dried sample on a glass slide on a hot stage and pressing the 
sample with a coverslip until it was only a few micrometers thick. The films were then 
allowed to slowly cool, during which point it is likely that they did absorb some moisture 
from the atmosphere. 
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Figure 4.3: Spherulite morphology of PEO+ lithium perchlorate films with varying cellulose 
concentrations, without birefringence(a) and with birefringence (b). All scale bars are 50µm. The 
analyzer is placed in the optical path with its optical axis is perpendicular to the direction of the 
polarizer’s optical path and the slow direction of the birefringence plate intersects the first and third 
quadrants. 
 
 
 
It can be seen that the addition of CNCs does in fact inhibit the formation of PEO 
spherulites, as the spherulites are largest in the sample with no cellulose (up to 85µm) 
and decrease in size with increasing cellulose concentration (down to 20µm for samples 
with 10% cellulose nanocrystals). In addition, the spherulites observed in the sample with 
no CNCs present seem to have much more clearly defined edges than the sample with 
10% CNC. Regardless of CNC concentration all spherulites tended to have a blue tint in 
the first and third quadrants (the slow axis direction of the birefringence plate), meaning 
b. 
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that the CNC concentration did not affect the sign of the spherulites; they were all 
positive. 
Next, EIS tests were conducted on all samples to determine how conductivity 
varied with cellulose concentration. As can be seen below in Figure 4.4a, the sample with 
5wt% cellulose exhibits the highest room temperature conductivity of all of the samples. 
An example through plane Nyquist plot with circle fit for a sample with 5wt% cellulose 
is seen in Figure 4.3b, and the accompanying Bode Phase plot is seen in Figure 4.4c. The 
sample’s resistance is calculated to be the x intercept of the circle seen in Figure 4.4b, 
which also corresponds to the frequency that the minimum phase lag occurs at in Figure 
4.3c. Next this resistance is converted into conductivity using is converted into 
conductivity using Equation 3.4. The peak in plane conductivity, measured for the sample 
with 5wt% CNC is 2.4x10-4S/cm and the peak through plane conductivity was found to 
be 2.5x10-5 S/cm for the same sample. This is a one order of magnitude improvement 
over samples with no CNCs present. Anisotropy (the ratio between in plane and through 
plane conductivity) is also observed to decrease with increasing CNC content. This is 
discussed in greater detail below. 
It also must be noted that these samples were determined to have 7% moisture at 
the time of testing despite being fully dried when placed in the glovebox. This moisture 
could act as a plasticizer and improve the conductivity of all samples, as will be discussed 
in great detail in Chapter 5. However since all of the samples discussed here absorbed the 
same amount of moisture in the glovebox it is still fair to say that the addition of CNCs 
do improve the conductivity of the electrolytes. 
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Figure 4.4: Through plane and in plane conductivity and anisotropy as a function of cellulose content 
(a) and accompanying Nyquist plot (b) and Bode phase plot(c). 
 
 
 DSC was employed to determine how the CNC content affected the crystallinity 
of the samples. The results, shown in Figure 4.5, are broken into 3 sections; first heating, 
first cooling and second heating. It is clear that increasing CNC content causes the 
melting peak to become larger, a sign of increasing crystallinity. The heat of fusion of the 
sample (in J/g) was determined from the DSC plots, and Equation 3.2 was used to 
determine the crystallinity of the PEO segment while taking into account the lithium 
perchlorate and CNCs, neither of which should have undergone any transitions in the 
observed range. The exact calculated crystallinity values based on first heating will be 
shown later in Table 4.1. 
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Figure 4.5: DSC curves of PEO-CNC nanocomposites for various concentrations of CNC: first 
heating (a), first cooling (b) and second heating (c). 
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To confirm the crystallinity values determined via DSC, Wide Angle X-ray 
Diffraction (WAXS) was used. Figure 4.6a shows the WAXS profiles between the 2θ 
values of 5-40°. By comparing the area under the curve of the crystalline peaks to the 
amorphous area the crystallinity can be calculated. Jade 5 and Magic Pro software were 
employed to do this calculation, and an example of the software in action is shown in 
Figure 4.6b. The software works by having the user draw an appropriate baseline and 
then estimate where the peaks should be. For these samples three peaks were needed, one 
for each of the sharp crystalline peaks and one for the amorphous hump. The software 
then does its best to fit the estimated peaks (the purple line in the example) to the original 
data (the white line). The more successful the software is the flatter the red line seen 
going across the top of the figure will be, and the smaller the residual error of fit value is. 
The software sets a peak width threshold of 3°, any peak wider than this will be 
considered amorphous, while any peak thinner than that will be considered crystalline. 
However the user can override this, or change the threshold. Finally, the % crystallinity is 
calculated as the ratio of the area of the crystalline peaks to the total area and is displayed 
at the bottom of the interactive box. Table 4.1 contains the crystallinity values of all CNC 
contents as determined by DSC and XRD. It is seen that the two techniques are in 
agreement and generally reveal the same trend; as CNC content increases so does the 
PEO crystallinity. 
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Figure 4.6: SAXS intensity vs. 2θ for various concentrations of CNC (a) and Magic Pro software 
analyzing a curve with 10wt% cellulose 
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Table 4.1: Crystallinity values as a function of cellulose content as determined by DSC and XRD. 
DSC values are based on first heating. 
Cellulose Concentration Crystallinity (XRD) Crystallinity (DSC) 
0wt% 9% 18% 
1wt% 9% 11% 
5wt% 19% 20% 
10wt% 23% 21% 
  
 
Additionally, edge on WAXS was used to study the anisotropy of the films. An 
example 2D pattern for a sample with 5wt% CNC is shown in Figure 4.7. By analyzing 
the (120) peak of PEO it can be seen that this peak is most prevalent at 0 and 180°. When 
performing edge on WAXS the sample is oriented so that the X-ray beam hits the in 
plane direction, which is held horizontal during the test. Therefore the greatest amount of 
(120) diffraction, which corresponds to the c axis of PEO, occurs in the film’s in-plane 
direction. Based on this result it can be concluded the chain preferentially folds 
perpendicular to the film surface. 
 
Figure 4.7: 2D WAXS diffraction pattern and Azimuth Integration of the (120) peak of PEO with 
5wt% CNC. 
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Combining the results gathered via EIS, DSC and XRD an interesting trend is 
noted. While the crystallinity of the samples do increase with increasing CNC content the 
conductivity of the samples remain largely constant. Based on the previous discussions 
an increase in crystallinity is expected to correlate to a decrease in conductivity, so 
another mechanism must be present which increases the ionic conductivity of the sample, 
allowing it to overcome the loss of amorphous conducting material. One such mechanism 
that could explain these results are Lewis Acid-Base interactions between the CNC and 
PEO.  
The mechanism, illustrated in Figure 4.8 is as follows. PEO is a Lewis Base and is 
attracted to the lithium cation as it functions as a Lewis Acid. With no cellulose present 
there is a strong attraction between the lithium and the ether oxygen atoms of the PEO 
chains, making it difficult for the lithium ions to move along the chain or to new chains. 
This results in poor conductivity in the amorphous section, even though most of the 
electrolyte (approximately 90%) is in fact amorphous. 
However, once CNCsare added the cellulose also functions as a Lewis Acid. The 
CNCs compete with the lithium cations for bonding sites along the PEO chain, resulting 
in a significantly weaker interaction between the PEO and lithium. As a result of this 
competition the lithium is able to diffuse much more easily along and among the 
amorphous PEO chains and while the overall volume of amorphous material has 
decreased as a result of the CNCs inducing crystallization of the PEO, the conductivity in 
this amorphous phase is so greatly improved that it is able to compensate for this volume 
reduction. This competition between improved ionic conductivity in the amorphous 
region and decreased volume of the amorphous region with increasing cellulose content 
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explains why no significant change in the conductivity of the samples is actually 
observed when CNCs are added. 
 
Figure 4.8: Mechanism of cellulose interaction with PEO chain and lithium ion. 
 
Additionally, the anisotropy of the samples is observed to decrease with 
increasing CNC content, from a 15x difference in conductivity between in plane and 
through plane tests for samples with no CNCs to a 4x difference in conductivity between 
the in plane and through plane tests for samples with 10 wt% CNCs. This is because with 
no cellulose present the PEO can crystallize on its own into a relatively organized pattern, 
resulting in different conductivities in different orientations. The only surface to nucleate 
PEO crystallization on is the PTFE film, and large, oriented crystals can grow from this 
surface. However with CNC addition the CNCs can function as additional nucleation 
points, resulting in many more nuclei distributed throughout the sample. These many 
nuclei lead to crystals growing in many different directions and impinging on themselves 
quickly, resulting in small, non-oriented crystals. This is supported by the PLM images, 
which show the addition of CNCs disrupting large spherulite growth and instead creating 
smaller, less well defined spherulites. It is also supported by the edge on WAXS results, 
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which shows preferential orientation of the (120) plane of PEO. Because the normal of 
the chain folding is perpendicular to the film surface (the in plane direction) and this 
direction exhibits higher conductivity than the through plane direction, it can be 
concluded that it is easier for the lithium ions to diffuse across the PEO chain folds 
instead of travel along them. However, the addition of CNCs disrupts this preferential 
crystal structure, resulting ina decrease the anisotropy of the electrolyte films with high 
CNC content. 
Next the mechanical properties of the electrolyte thin films were studied using a 
tensile tester. The results, shown in Figure 4.9, reveal that while adding only 1wt% of 
cellulose does not significantly affect the mechanical properties of the thin films (other 
than decreasing the modulus), adding 5wt% CNCs does increase the modulus and yield 
stress of the sample. This is because 5wt% CNC addition is enough to form a percolating 
network of CNCs, greatly improving the mechanical properties. Adding even more CNCs 
(10wt%) further increases the modulus of the thin films but lowers the yield strength and 
greatly reduces the strain at break. This is most likely because the excess CNCs begin to 
form inclusions, resulting in areas with low PEO concentration which are therefore more 
brittle. Because of the embrittlement of samples with 10wt% CNCs the sample with 
5wt% CNCs is the toughest of all of the samples tested. Table 4.2 contains the calculated 
Young’s moduli for the various samples discussed here. 
Based on these experiments it is clear that the increase in crystallinity discussed 
earlier, coupled with the CNCs’ ability to form a percolating network results in a slight 
improvement in the mechanical properties of PEO and lithium perchlorate films. The 
addition of CNCs also improved the conductivity of the films as a result of their ability to 
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act as a Lewis Acid. However, when the sample is overloaded with CNCs, as in the 
10wt% samples, the CNCs begin to cluster and form localized regions with very low 
PEO content. These regions result in a drop in the ionic conductivity, yield stress and 
strain at break of the films while improving the Young’s modulus of the films. 
 
Figure 4.9: Stress-strain curves of electrolyte nanocomposites for samples with various 
concentrations of CNC. 
 
 
 
 
Table 4.2: Young’s Modulus for samples with varying CNC concentrations 
CNC concentration (wt%) Modulus (GPa) 
0 1.7 
1 1.1 
5 2.0 
10 2.1 
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Finally, the conductivity as a function of temperature was studied and the 
activation energy of ionic diffusion was calculated based on this data. A thin film was 
placed inside of a polyethylene terephthalate (PET) spacer between the two sandwich 
electrodes to have its through plane conductivity tested. This set up was then placed on a 
hot stage with a temperature controller. Temperature was increased in 10°C steps and at 
each step the sample was allowed to equilibrate for 5 minutes before the EIS 
measurements were actually taken. EIS measurements were taken 3 times at each 
temperature, but on only one sample. 
Figure 4.10 shows the Arrhenius plot for a sample prepared with 0 and 5wt% 
CNC. Using this plot and the Arrhenius equation the activation energy of ionic diffusion 
can be calculated for both temperatures. It is seen that for each samples there are two 
regimes with unique slopes; a low temperature regime and a high temperature regime. 
The change between low temperature and high temperature behavior occurred at 60°C, 
the melting temperature of PEO. For the sample with no CNCs added the low 
temperature activation energy was calculated to be 1.11eV (compared with 1.26eV from 
the literature for a 5x106 MW PEO sample with lithium perchlorate as the salt and a 4.5:1 
EO: Li ratio) and the high temperature activation energy was calculated to be 0.40eV 
(compared with 0.55 eVfor a sample with a 12:1 EO:Li ratio[64]. For the sample with 
5wt% CNCs added the low temperature activation energy was calculated to be 0.97eV 
and the high temperature activation energy was calculated to be 0.39eV. The decrease in 
activation energy at high temperature for both samples means that the energy barrier for 
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the lithium ion diffusion is much higher in the solid, semi-crystalline state but is greatly 
reduced once the polymer enters the amorphous liquid state. 
Comparing the activation energies for samples with and without CNC addition 
shows that the addition of CNCs does decrease the activation energy of ionic diffusion in 
both regimes. This supports the mechanism proposed in Figure 4.6, because the 
interaction of the CNCs with the PEO is the cause of the suppression in activation energy 
in the 5wt% CNC sample. There are two potential explanations for the slightly lower 
observed activation energies for the 0wt% CNC sample than the literature volume. The 
first explanation is the fact that the samples prepared here contain an EO: Li ratio of 12:1 
instead of 4.5:1 for the sample used for the low temperature comparison. The literature 
sample has an extremely high salt loading, which probably resulted in phase separation of 
the salt, making diffusion more difficult and therefore increasing the activation energy. 
The other possibility is the presence of 7% moisture in the samples discussed here. This 
moisture could act as a plasticizer and make it easier for diffusion to occur, therefore 
decreasing the activation energy. 
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Figure 4.10: Through plane conductivity as a function of temperature for samples with 0 and 5wt% 
CNC. 
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5. The Effect of Solvent on PEO/CNC Nanocomposite Properties 
 
 While preparing the films studied in Chapter 4 it became clear that the amount of 
residual solvent left in the polymer composite film significantly affected the properties of 
the final product. It was therefore desirable to quantify the effects of solvent on the 
electrolyte’s conductivity, crystallinity and mechanical properties. This quantification 
will be the focus of this chapter. 
 A study was prepared in which a film dried at room temperature under vacuum 
was regularly removed from vacuum and tested with the TGA to determine its DMF 
concentration, with the DSC to determine its crystallinity, and with EIS to determine its 
conductivity. Once the rate of solvent loss has slowed under vacuum at room 
temperature, the film will then be heated to 40°C to continue the drying process. This will 
be allowed to continue until the solvent concentration in the film approaches 0. It is worth 
noting here that the films are extremely hydroscopic, meaning that in the short amount of 
time required to remove the sample from vacuum and prepare it for a TGA test, it can 
absorb a measurable amount of moisture from the atmosphere. Therefore it was assumed 
that a TGA run revealing only 2-3% moisture most likely corresponded to a completely 
dried film that absorbed some moisture during the set up process. 
 As explained above, it was first necessary to use the TGA to determine what the 
concentration of DMF was in the films after a given amount of drying time. This can be 
seen below in Figure 5.1. As shown in the figure, the concentration of DMF begins at 22 
wt% and decreases with drying to as little as 2.7wt%. As already explained this 2.7wt% 
solvent was most likely due to atmospheric moisture absorbing into the electrolyte film as 
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the TGA was being prepared, meaning that the film was completely dried and then began 
to re-swell with water. 
 
Figure 5.1: TGA revealing the DMF concentration in each film. 
 
 
With the concentration of solvent in each film now known it is possible to use EIS 
to determine the effect of this solvent concentration on the conductivity of the film. The 
results, shown below in Figure 5.2, reveal a clear trend in which the conductivity 
increases with increasing solvent present in the system. This is most likely due to the 
solvent swelling the polymer, resulting in more free volume for the polymer chains to 
reptate in. These results confirm that the amount of solvent plays a significant role in 
determining the final properties of a polymer electrolyte membrane. 
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Figure 5.2: The conductivity of the polymer electrolyte as a function of DMF concentration. 
 
 
 
Now that it is known that the solvent does indeed affect the conductivity of the 
electrolyte membrane it is important to determine why this is true. If the improved 
conductivity is indeed because of the solvent forcing polymer chains apart, creating more 
free space for reptation to occur in, then a decrease in crystallinity should be observed for 
increasing the solvent concentration. The crystallinity of the samples was studies two 
ways; using DSC and XRD. For DSC results the first and second heating curves (Figure 
5.3a and c) both tell different but valuable parts of the story. The first heating curve 
calculates the crystallinity in the samples without any further treatment, meaning that the 
crystallinity calculated below in Table 5.1 corresponds well to the crystallinity actually in 
the samples tested via EIS. However, these samples have several factors influencing their 
crystallinity, including the solvent effect, the heat treatment required to dry the sample to 
the appropriate solvent concentration and any mechanical history as a result of the film 
casting method.  
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Therefore the second heating curve was also valuable, as the only variable that 
should affect the crystallinity calculated based on this curve is the solvent concentration. 
The first heating and cooling cycle act as a melting, recrystallization and annealing step, 
theoretically removing any crystallization information imparted on the sample as a result 
of its thermal or mechanical history. 
As can be seen in Table 5.1, Figure 5.3 and Figure 5.4 below, the crystallinity 
does seem to increase with decreasing solvent concentration with the notable exception of 
the 22% DMF sample. This highlights a very interesting result from this experiment; 
while the mostly dry samples have low crystallinity which increases with decreasing 
solvent concentration, samples with very high solvent concentration (20% and above) 
tend to have very high crystallinity, as confirmed by both DSC and XRD. It is theorized 
that this high crystallinity is a result of a two kinetic processes; phase separation and 
crystallization. At high solvent concentrations there is a high driving force for phase 
separation, at which point the PEO rich phase can then crystallize. At lower solvent 
concentration the driving force for phase separation is greatly reduced, resulting in a 
mixture of PEO with DMF which prevents the crystallization of the PEO. Finally at very 
low solvent concentrations (less than 4.5% DMF) there is no need for phase separation, 
as the sample is almost entirely polymer. At this point the PEO can rapidly crystalize. 
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Figure 5.3: DSC curves of polymer films with varying solvent concentrations. a. First heating, 
 b. First cooling, c. Second heating. 
 
 
 
Table 5.1: Crystallinity values for samples based on first and second heating DSC curves. 
DMF % 
First Heating 
Crystallinity 
Second Heating 
Crystallinity 
22 0.21 0.25 
18 0.09 0.13 
11 0.09 0.09 
8 0.11 0.11 
4.5 0.19 0.16 
2.7 0.17 0.18 
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Figure 5.4: Crystallinity as a function of solvent concentration for a. First heating and b.Second 
heating. 
 
 
 
As in Chapter 4 it was desired to use WAXS to confirm the crystallinity of the 
samples as originally determined by DSC. However this proved challenging because the 
samples needed to be transported from the lab in which they were prepared to another lab 
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WAXS is performed under high vacuum to protect the X-ray filament from 
oxidation.Samples with high moisture content will begin to dry out in the chamber before 
experiments begin, compromising the results. Therefore instead of performing a detailed 
study as was detailed for the DSC, one sample with high moisture content was tested to 
confirm that these samples were indeed more crystalline than the dry samples.  
These results are seen in Figure 5.5 and confirm that the sample with the greater 
amount of solvent is far more crystalline than the dry sample, a surprising but repeatable 
result. Using the Jade 5 software the crystallinity of the sample with 5wt% cellulose and 
40% DMF was 49% crystalline (compared to 51% as determined by DSC) while the 
sample with 5wt% cellulose and no DMF, which was already shown in Chapter 4, was 
19% crystalline (compared to 20% as determined by DSC). 
 
 
 
Figure 5.5: WAXS showing the crystallinity of a 5wt% cellulose sample with and without DMF. 
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Finally, tensile testing was completed on a film with 20% DMF to determine the 
effect of the presence of plasticizer on the mechanical properties of the electrolyte. The 
results can be seen in Figure 5.6. As expected, the presence of plasticizer does decrease 
the Young’s modulus of the electrolyte but this reduction is minimal, from 2.0GPa for a 
sample with 5wt% CNC with no DMF to 1.9GPa for a sample with 5wt% CNC and 
20wt% DMF.  
Interestingly, the presence of solvent seemed to actually improve the yield stress 
and strain at break. This is most likely due to the interplay between the higher 
crystallinity of the samples with solvent and the presence of the plasticizer allowing PEO 
chains to slide more easily. This chain sliding certainly made the films more ductile (the 
role of any plasticizer), but the higher crystallinity also allowed the samples to withstand 
a higher stress before breaking. This is supported by observational evidence as well, as 
the samples with DMF tended to form a neck at high strains while the samples without 
DMF present began to form cracks before significant necking could occur. 
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Figure 5.6: Tensile testing showing the modulus as a function of temperature for a 5wt% cellulose 
sample with and without DMF. 
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6. Conclusions 
 
It was shown that an electrolyte combining high ionic conductivity with strong 
mechanical properties can be created using a combination of a nanofiller and a 
plasticizer. The nanofiller, in this case CNCs, enhanced the mechanical properties of the 
electrolyte, as evidenced by a 0.2GPa improvement in the Young’s modulus for a sample 
with 5wt% CNC addition. However, the addition of this filler increases the crystallinity 
of the PEO matrix. Because ionic conduction occurs via reptation of the polymer chains, 
increased crystallinity was expected to result in a decrease in the ionic conductivity. This 
did not occur, and instead the conductivity actually increased with CNC addition, 
reaching the peak conductivity for films with 5wt% CNC. Therefore a mechanism 
explaining this increase in conductivity needed to be produced, and it was here proposed 
that the CNCs actually act as a Lewis Acid, competing with lithium ions for bonding sites 
on the PEO chains. 
To then further improve the ionic conductivity some of the solvent used to cast 
the films, DMF, was allowed to remain in the films via an incomplete drying process. 
The DMF swelled the solid polymer electrolyte into a gel, providing more free volume in 
which the PEO chains could reptate. Despite XRD and DSC experiments agreeing that 
the incomplete drying resulted in samples with greater crystallinity than the completely 
dried films, the EIS experiments showed that the DMF succeeded in improving the 
conductivity of the electrolytes. Therefore the DMF must have preferentially swollen the 
amorphous sections of the electrolyte and swollen them so much that they were more 
than able to compensate for the decreased amount of amorphous material. 
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The higher crystallinity in samples with large amounts of DMF present paid 
dividends when analyzing the mechanical properties of the gels. Without knowing that 
the crystallinity of the gels was actually higher than that of the solid polymer films one 
would expect that the mechanical properties of the gel would be much lower than that of 
the solid. Instead only a 0.1GPa drop in Young’s modulus is observed for the gels when 
compared to the solid polymer films, and the gels actually exhibit higher strain at break 
and yield stress than the solid polymers with identical CNC concentration. 
While it is unlikely that the electrolyte reported here actually combines sufficient 
electrical and mechanical properties to successfully serve in a battery, a valuable step in 
the right direction has been taken. In the future work should be done exploring the 
properties of films with higher solvent and filler concentrations. Based on this initial 
work with 5wt% CNC it seems like the plasticizer improves the adhesion between matrix 
and filler, so it would be interesting to determine whether or not the presence of 
plasticizer can prevent the formation of inclusions in the 10wt% CNC sample with no 
DMF present. If the plasticizer does improve the miscibility of the filler in the matrix 
then it should be possible to create a gel film with relatively high mechanical strength (a 
modulus of at least 2GPa) and good conductivity (at least 10-4S/cm).  
Additionally, the long term stability of the electrolyte films under real world 
conditions needs to be investigated. In addition to the potential for dendrite formation, a 
sample with a large amount of solvent present might lose effectiveness over time if the 
solvent begins to leak out of the film. Ideally the electrolyte will be in a perfectly sealed 
enclosure so that the evaporation of a small amount of solvent will increase the partial 
pressure inside of the chamber sufficiently to force the rest of the solvent to remain in the 
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film. This would prevent the long term drop in performance of the battery as a result of 
solvent loss, but still leaves the battery susceptible to dendrite formation. 
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